Development of environmental friendly hydraulic fluid has a major influence in ecologically benign environment. The use of plant oil as hydraulic fluid would help to minimize hazardous pollution caused by accidental spillage, lower disposal costs of the used fluid and meet the environmental regulations. Hydraulic test rig was built to conduct endurance test where it can be operated continuously with several safety features. This research was conducted to evaluate the rheology elements and hydraulic performance of palm based hydraulic fluid. The palm oil shows decreasing trend in volumetric efficiency as the pressure increase while the mechanical efficiency increases as the pressure increase. Properties and characteristics of palm based hydraulic fluid were evaluated via rheology study. The effect of viscosity with temperature and shear rate was studied. The influence of shear rate and temperature on the variation of viscosity was clearly observed but temperature has more significant influence. Interpretations of rheological models indicate that this palm based hydraulic fluid belongs to pseudo-plastic category. Further analysis was done to fit the experimental data with two models and the findings show that Cross rheological model fits well with the experiment data. The plant oil was used in 1000 hours operation in a hydraulic system built in Universiti Malaysia Terengganu. The overall results suggest the potential substitution of palm oil as hydraulic fluid in marine applications.
1.0 INTRODUCTION
Development of natural based product is one of the alternatives to protect the environment from hazardous materials. Plant oil such as jojoba oil, coconut oil, crambe oil and palm oil has been studied thoroughly because of its environmental friendly characteristic [1] [2] [3] . Furthermore, the wide range of application exhibits by these oils had also increase great interest in this field 4 . Numerous researchers have conducted studies on plant oil and found that these plant oils are suitable to be used as biodiesel, alkyd resins, printing inks, lubricants and cosmetics products 5 . The construction of mega structure including ship, desalination plant and offshore structure symbolized the rapid growth of marine industry. Hence, the demand on lubricant, fuel and hydraulic fluid is also increasing 6 . The existing lubricants, fuel and hydraulic fluid in the market is mineral based or petroleum based oil in which can bring harm to the environment and ecosystem in the case of leakage or spillage 7 . Legislative and moral concern has caused International Maritime Organization (IMO) to endorse the Annex VI of the MARPOL 73/78 convention which associated in controlling the ship disposal. Plant oils are suitable to be used in marine application because of its high biodegradability (95% of plant oils is biodegradable). Other attributes are high natural viscosity (30-80% higher than mineral oils), excellent lubricity due to ester functionality and high flash point 8 . Lubricity study of various plant based oils has been made by various researchers [9] [10] [11] [12] [13] . Palm oil methyl ester specifically was investigated by using four ball tribometer 14 . The flow through hydraulic components especially a pump can be categorized as main flow and the leakage flow. The main flow is extremely complex and it is neither steady nor uniform. This can be due to the motion of vane and non-uniform hydraulic flow path. The volumetric efficiency in this study can be written as in Equation 1 15 :
where: Cs is the kinematic viscosity (cSt); PP is the pump pressure (Pa); μ is the visocity (Pa.s); Wp is the viscosity at zeroshear rate (N.m/s); QR is the pump flow rate (m 3 /s) and Dp is the pump diameter (m).
It should be noted that the second term of Eq. 1 is the losses due to leakages and the last term is due to the compressibility effect. Meanwhile, the mechanical efficiency and mechanical losses are due to viscous friction and coulomb friction. The mechanical efficiency is defined as the ideal torque divided by the actual torque as shown in Equation 2 15 :
where: Dp is the diagram power (w); PP is the pump pressure (Pa) and Ta is the actual torque (N.m)
Taking into account all the torque losses, mechanical efficiency can be expressed as Equation 3 15 :
where: PP is the pump pressure (Pa); Cc is the contraction coefficient; Cv is the velocity coefficient; μ is the viscosity (Pa.s) and Wp is the oil power. Viscosity is a direct indication on the stickiness of the fluids under studied. Higher viscosity indicates higher stickiness of the fluids and vice versa. Viscosity is the derivation of the relationship between shear stress and shear rate which can be expressed as Equation (4) 16 .
dx du /    (4) where: τ is the shear stress (Pa); du/dx is the shear rate (1/s); and η is the viscosity (or dynamic viscosity) (Pa.s). An increasing of shear stress leads to a greater portion increase in shear rate and hence reducing viscosity value as indicated by viscometer. This phenomena is known as shear thinning behavior while for inverse observation, it exhibits shear-thickening.
Shear thinning behavior can be modeled by two models known as Power Law and Cross. These equations are presented in sequence as in Equation (5)-Equation (6) 17-18 .
where: Kp is the consistency index (Pa.s n ); ηP is the flow behavior index (dimensionless); η ∞ ,γ is the viscosity at infiniteshear rate (Pa.s); ηo,γ is the viscosity at zero-shear rate (Pa.s); λc and αc are the characteristic relaxation time (s); ηo is the yield stress-viscosity at initial flow condition (Pa.s) and η ' is the Bingham plastic viscosity (Pa.s).
This study was conducted to study the rheological aspects of palm based hydraulic fluid as well as its performances. This present work would help to promote the application of natural resources as well as to protect the environment. For the betterment of mankind, environmental friendly and sustainable source of biohydraulic fluid is to be sought for future use.
2.0 EXPERIMENTAL

Palm Oil Selection
Palm oil used in this experiment is provided by a local refinery. The palm oil has some oleic, palmitic, stearic, linoleic and lauric contents. The chemical composition of the oil used is given in Table 1 . The most abundant fatty acid in this oil is oleic. More than 40% of fatty acid is unsaturated. Saturated fatty acid was also found to be more than 40%. 
Rheology Study
Viscosity measurement of plant oil was conducted by using Brookfield (Viscometer DV-I+) rotational type viscometer. Before use, the viscometer (accuracy ±1% full scale range; repeatability, 0.2% full scale range) was calibrated with 4.7 cP Brookfield silicone viscosity standard. The viscosity of the oils was measured in triplicate at ten different shear rates. SP-18 spindle was operated at different speeds between 3 and 100 rpm. A temperature controller (temperature accuracy of ±1%) was used to increase the temperature of the oil samples from 40 up to 100°C, the oil samples were left 15 minutes until steady state heat transfer was achieved.
The viscosity and percentage of torque were manually recorded when the viscosity reading reached apparent equilibrium (appears relatively constant for reasonable time). The viscosities were calculated at ten different shear rates in mPa for this plant oil and temperature. The shear stress and shear rate were calculated using formulas suggested for non-Newtonian fluid as shown in Equation (7) 19 .
where τ is shear stress; M is torque (Nm); Rb is radius of SP18 spindle (m) and h is the height of the spindle (m). The shear rate was calculated as shown in Equation (8) 15 :
where N is the speed of spindle (rpm).
The experimental data were fitted to two models (Equation (5)-Equation (6) by using Mathematica software version 7. Figure 1 shows the hydraulic test rig built in Universiti Malaysia Terengganu. It consists of hydraulic reservoir, positive displacement pump, hydraulic motor, pressure control valve, three phase electric motor and cooling system. The instrumentations installed in the system are various temperature sensors, pressure sensors, load sensors and a flow meter. Figure 2 shows the hydraulic motor which was used as hydraulic actuator. BM3 orbital hydraulic motor with twelve vanes was employed. The hydraulic motor is one type of high torque low speed hydraulic motor, with high efficiency and long life [20] [21] . The long life is achieved by employing balanced inlet and The occurrence of sluggish can be noticed when the hydraulic motor is to be started. After passing minimum speed, the motor runs smoothly. Similar observation was made when the motor about to be stopped. Just before stopping, the sluggish motion was observed. Figure 3 shows the plant oil in the hydraulic reservoir. Initially the colour is reddish. It has clean and clear color. The bubble shown in the picture indicates the foaming characteristics of the oil. The picture also shows the suction filter, thermocouple (to measure inlet oil temperature) and copper coil heat exchanger. 
Test Rig
Rheology Study
This study is divided into three sections where the first section discusses on the effect of temperature on oil viscosity, the second section discusses the effect of shear rate on oil viscosity and the third section shows the correlation of viscosity, shear rate and temperature. Figure 5 shows the viscosity variation for oil samples taken from test rig at 100, 300 and 700 hours. The viscosity increases with operating hours. This is due to oil damage where polymerization occurs and contamination level in the oil increases. Pseudoplastic behaviour is observed for all samples due to decreasing of viscosity with an increasing in the shear rate 22 . The increase in viscosity with reduce shear rate can result in rotating component to stall faster. The high dynamic viscosity at low shear rate means higher torque is required to start the rotating motion. This reduces the mechanical efficiency of the system. To further analyses the data, graph of viscosity versus shear rate is converted to log viscosity versus log shear rate form as shown in Figure 6 . From this graph, it can be seen that the curvature of viscosity versus shear rate can be made close to linear using this log-log format with regression of 0.921. Details on the fitted data with two rheological models were tabulated in Tables 2 to 5 .
Shear Rate Dependence of Oil Viscosity
Interpretation of how viscous is the fluid is indicated by k. As an example, in Table 2 the values of k decreases with temperature. This indicates that the oil is becoming less viscous at higher temperature. Interpretation of Newtonian can be indicated by n. For example, in Table 2 , the oil becomes less Newtonian at higher temperature. Further study was made to investigate the resistance of the oil at low shear rate region. Several rheological models were matched to the experimental data as shown in Figure 7 . The test was conducted at room temperature. From the graph, it shows that the Cross rheological model are the best models to represent the hydraulic oil (Equation (5)-Equation (6)). Surprisingly the Power law model does not fit well the experimental data between 10 to 40s -1 shear rates. 
Correlation of Viscosity, Shear Rate and Temperature
The viscometric properties of the plant oil are shown in Figure 8 . From a single diagram we can see how the viscosity varies with shear rates at different temperatures. It shows the viscosity decreases as shear rate increases from 3.9s -1 to 79s -1 , and the viscosity is lowest when tested at 353.15 K. When temperature was lowered to 313.15 K, the viscosity increases respectively. This viscometric pictorial is very important since, in the marine hydraulic system, the oil is subjected to varying shear stress and heat and the variation can occur at the same time. If we can know the stress level and temperature level, then we can straight away find out the viscosity value of the flowing oil. Since both volumetric and mechanical efficiencies are dependent on oil viscosity, then theoretical relationship and actual performance can be evaluated. 
Performance and Modelling Study
Performance of hydraulic system was evaluated manually. The data was acquired and the mechanical and volumetric performances were calculated manually. Figure 9 shows the result of volumetric efficiency versus pressure. The volumetric efficiency decreases with pressure. The reduction in volumetric efficiency is due to the compressibility effect and leakage. Theoretically oil is compressed about 0.7% of its original volume for every 100 bar pressure increase. It was observed that there is no external leakage. Thus it can be concluded that the efficiency drop is due to the internal leakage. It is stipulated that the leakage occurs between the vane and cam-ring and between the rotor and side bushing.
Comparison of Experimental and Predicted Performance
Volumetric efficiency is related to the degree of fluid viscosity. Kinematic viscosities for 100, 300 and 700 hours are 44, 52 and 66 centiStokes, respectively. The viscosity increases as the oil has been oxidized from 100 to 700 hours. The increase in viscosity yields in less internal leakage. The less internal leakage give rises to improve volumetric efficiency.
It was observed also that the efficiency reduces not at constant rate with pressure, but decreases at low rate in low pressure region, then at higher rate at higher pressure region. The volumetric efficiency drop in large amount at higher pressure is due to the large pressure difference between the outlet and inlet of the vane pump.
Flow slip coefficient, Cs, was calculated for each pressure case using Equation 1. Compressibility effect was neglected. Table 6 shows the value for Cs for 100 hours case as modelled by Equation 3. The value for Cs obtained from the slope of Figure 9 is also shown. The next effort was to model the mechanical efficiency. Equation 3 was used to determine the coulomb Cc and viscous Cv coefficients. Based on 35 bar and 70 bar cases, it was calculated that the Cc and Cv were found to be 6.02 and 2.98x10 5 , respectively. The model and actual mechanical efficiencies were plotted as in Figure 10 . Using the Cc and Cv of 6.02 and 2.98x10 5 , respectively, the predicted mechanical efficiency was calculated for 100 hours, 300 hours and 700 hours cases. The results are tabulated in Table 7 . 
4.0 CONCLUSION
Mechanical and volumetric efficiencies show an inverse changes towards each other with respect to pressure. The efficiency also changes with aging property. The investigated palm based hydraulic fluid shows that the temperature has a greater influence on the reduction of viscosity than shear rate. The palm based hydraulic fluid exhibits non-Newtonian behaviour by showing a shear thinning relationship between viscosity (at low temperature) and shear rate which is also known as pseudoplastic behaviour. The shear rate dependence rheological models gave a good fitting on experimental data with R-squared value of 0.921. The result is promising that the plant oil is suitable to be used as hydraulic fluid in future.
